Multiple sclerosis (MS) susceptibility is characterized by maternal parent-of-origin effects and increased female penetrance. In 7796 individuals from 1797 MS families (affected individuals n 5 2954), we further implicate epigenetic modifications within major histocompatibility complex (MHC) class II haplotypes as mediating these phenomena. Affected individuals with the main MS-associated allele HLA-DRB1 * 15 had a higher female-to-male ratio versus those lacking it (P 5 0.00023). Distorted transmission of MHC haplotypes by both parent-of-origin and gender-of-affected-offspring was most evident in the maternal HLA-DRB1
INTRODUCTION
Multiple sclerosis (MS) is a chronic, inflammatory and demyelinating neurological disease affecting the central nervous system (CNS) (1) . A multifactorial aetiology leading to CNS autoimmunity is widely accepted (2) . Interactions among genetic, environmental and stochastic factors play important roles (3) . Genetic factors in MS have been well-characterized by classic genetic epidemiologic methods (4) , and the human major histocompatibility complex (MHC) class II region on chromosome 6 carries the main genetic determinants of MS susceptibility and resistance (5) .
Human leucocyte antigen (HLA) class II haplotypes bearing the alleles HLA-DRB1 * 1501 and HLA-DQB1 * 0602 largely mediate MS susceptibility and appear to function as diplotypic units characterized by complex epistasis (6, 7) . Even when restricted to diplotypes (both haplotypes) selected for having HLA-DRB1 * 1501 in common, diplotype-specific risks in indi- * Comprehensive sequencing studies show that these HLA haplotypes have been evolving for millions of years (8, 9) , and that their divergence predates the separation of human and chimpanzee (10, 11) . This has provided much time for haplotype-specific changes to occur in a setting of strong linkage disequilibrium (LD). The genetic epidemiology strongly implicates epigenetic effects in this region (12) . Increased HLA haplotype sharing has been reported in MS families in which parents lacked the HLA-DRB1 * 15 allele, thereby involving other tightly linked alleles/loci or adjacent regulatory regions (13) . Additionally, both epistatic interactions (cis or trans) and suppressor effects which rival susceptibility in magnitude, have been established within the MHC class II region (14) (15) (16) .
Parent-of-origin-specific distortions of parental transmission of disease risk have been strongly suggested by epidemiologic data. This line of investigation was begun by finding a marked excess of mother -daughter pairs and few father -son pairs (17, 18) . Furthermore, the gender of the parent in affected parent -child families influences risk for subsequent children, increasing when the mother is affected (19) . Also, maternal half-siblings of affected individuals are at a greater risk of developing MS when compared with paternal half-siblings (20) . The influence on MS susceptibility of the unaffected transmitting mother in the half-sibling study has since been confirmed in families with affected aunt/uncle -niece/ nephew (AUNN) pairs. As in concordant half-siblings, unaffected mothers were more likely to connect these avuncular pairs (21) .
Female predominance in MS has been evident from the fourth and fifth decades of the last century (but not before), and recent studies show that a female-to-male ratio exceeds 2:1 in northern climates (22, 23) . In Canada, this bias has risen steadily during the past 60 years, and now exceeds 3.2:1 (24) with even more marked changes in Scotland (25, 26) . Moreover, in monozygotic (MZ) twins, the increased concordance rate versus dizygotic (DZ) twins or siblings comes from female pairs (27) . These recent effects must result from environmental influences or the consequence of gene -environment interactions. Epigenetic mechanisms are implied and suggest that this will be the key way genes and environment interact.
Some, if not all, of these effects localize to the MHC (28) . By applying transmission disequilibrium test (TDT), significant over-transmission of the maternal HLA-DRB1 * 15 allele was observed (29) . More recently, we have shown genderspecific intergenerational differences of HLA-DRB1 * 15 frequency in AUNN pairs. MS nieces were more numerous and had a higher HLA-DRB1 * 15 allele frequency than their own affected aunts. These findings clearly localize geneenvironment interactions mediated by putative epigenetic mechanisms to the MHC region (12) .
Because maternal parent-of-origin effects and substantial female specificity are two characteristic features of MS, and given that the MHC predominantly carries genetic risk, we hypothesized that both the maternal effect and female predisposition would be related at the MHC (3). In the present study, we examined gender effects in parental transmission of MHC class II alleles. Bonferroni correction (P corrected ) was applied to address the multiple comparisons made between these rare alleles. For most of the HLA-DRB1 alleles (other than HLA-DRB1 * 15), statistical significance did not remain following this highly conservative correction. However, these data follow patterns established unambiguously for more common alleles/haplotypes such as HLA-DRB1 * 15 where power/statistical limitations do not apply and are proportionately similar. Moreover, most of these alleles have already been shown to be significantly positively or negatively associated with MS (15, 16) 
RESULTS
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Conditional logistic regression analysis
To further examine HLA-DRB1 haplotype interactions, we performed conditional logistic regression statistics and calculated genotype-relative risk (GRR). Both parent-of-origin and gender interaction terms were incorporated and the overall fit of the model was assessed (P ¼ 9.00 × 10 250 ), Table 7 . In affected males (Table 8 ), reciprocal differences in GRR were observed for a number of HLA-DRB1 * 15-positive genotypes also containing HLA-DRB1 * 11 and * 13. These results were in contrast with affected females, showing that paternally derived HLA-DRB1 * 15 are also important and contribute to an increased risk in affected male offspring. On the other hand, there were two GRR patterns in affected males that were comparable with affected females, and they included HLA-DRB1 * 15 heterozygous genotypes also positive for HLA-DRB1 * 07 and * 17. Differential risk of HLA-DRB1 * 15-negative genotypes included those positive for HLA-DRB1 * 17, only susceptible when paternally derived and in affected male offspring. In affected males, maternally derived HLA-DRB1 * 04 and paternally derived HLA-DRB1 * 17 (4/17: GRR ¼ 5.83) was associated with an increased risk when compared with maternally derived HLA-DRB1 * 17 and paternally derived HLA-DRB1 * 04 (17/4: GRR ¼ 2.67). In affect females, the same diplotypes were associated with lower risks (4/17: GRR ¼ 1.08 and 17/4: GRR ¼ 1.54). In affected males, HLA-DRB1 * 17 homozygotes (17/17) were associated with an increased risk (GRR ¼ 5.11), but 17/17 affected females had a modest risk (GRR ¼ 1.43; Table 8 ).
DISCUSSION
MS is widely considered to be an autoimmune disease, with an important degenerative component (30, 31) . Female predominance characterises most autoimmune diseases (32) . However, parent-of-origin effects have not been studied in most. Incidence and prevalence has been rising, specifically among women, in many countries. The substantial and relatively recent female specificity in MS has been largely unexplained. The relative immediacy of the increasing female-to-male ratio necessarily implicates environment with clues that this would be mediated through gene -environment interaction. Conditional logistic regression was carried out to estimate GRR of each genotype, and the combined rare genotypes were used as reference.
both haplotypes share alleles at HLA class II, they have different HLA class I alleles, which (or nearby variations at LD with class I) could be responsible for any gender-specific differences. The Canadian association is paternal-male specific, whereas the Sardinian association is paternal-female specific (41) . For most of the rare alleles, significance did not remain following the highly conservative Bonferroni correction. However, we present these data as they followed patterns established unambiguously for the more common HLA-DRB1 * 15 haplotypes. Moreover, many of these alleles have already been shown to be associated with MS (15, 16) , but replication of these findings in independent cohorts and other populations is required. Additional parent-of-origin and gender-specific effects are likely for other infrequent HLA-DRB1 haplotypes, although even larger numbers of typed families will be needed. Nevertheless, the ubiquity of these patterns suggests some important and previously unrecognized function of MHC haplotypes.
These results indicate that epigenetic mechanisms within the MHC are fundamental to the pathogenesis of MS, since the transmission probability and therefore the risk associated with the same allele or haplotype may entirely depend on parent-of-origin and gender-of-offspring. These observations and dependencies have been frequently observed in the study of epigenetic mechanisms (42) , coherently suggesting that molecular explanations for an increased penetrance of MS among women will have roots in maternally based epigenetic modification within MHC class II and in interactions of haplotypes so altered. Parent-of-origin effects are seen to override intrinsic haplotype-specific risks or even entirely determine them. This is the second such feature identified by these studies, the first being the change in allele frequency characterizing transgenerational risk when prevalence is increasing (12) .
Several elements appear to constitute and determine susceptible or resistant haplotypes, including alleles at HLA-DRB1, HLA-DQA1 and HLA-DQB1 (6), and the vitamin D response element on HLA-DRB1 * 15 haplotypes (43). The evidence here additionally implicates haplotype-specific but yet to be identified epigenetic modifications. Improbable a priori, resistance and susceptibility to MS appear to involve unprecedented numbers of multiple epistatic interactions.
These observations may have significance for the concept of autoimmunity, in particular for the notion of antigen specificity of HLA class II alleles and haplotypes. Propensity for autoimmune attack and MHC associations have been ascribed to conformational restraints imposed by class II structure and have dominated thinking for decades. The results presented here, in context, suggest alternative but not exclusive possibilities; for example, tissue-specific autoimmunity could result from unfortunate pairings of epistatically acting and epigenetically modified haplotype-specific effects. Epigenetic modification may be reasonably expected to require haplotype-specific sequence characteristics, possibly forming the substrate for epigenetic modification and it is perhaps here that specificity for disease resides. Epigenetic alterations so strongly implicated by these results may be seen to outrank contributions imposed by HLA class II allele structure (presumably invariant by descent in nuclear families). These concepts are not necessarily mutually inconsistent. Ample precedent for remarkable antigen specificity in autoimmunity exists, but there are many diseases in which this has been unsuccessfully sought. Since epigenetic modifications influence tissue-specific characteristics, targets could be much broader. Population-level MHC disease associations then could reflect a hierarchy of the sequence-based liabilities of individual haplotypes to undergo modifications, subject to the epistatic interactions governing susceptibility or resistance. Focus on epigenetic haplotype-specific changes seems timely.
In individual maternal -foetal units, maternally derived epigenetic modifications driven by environmental exposure could take place on many haplotypes, leading to distorted transmission of liable haplotypes to affected individuals. In the case of HLA-DRB1 * 15, over-transmissions from father to both son and daughter, and from mother to son, are seen, but to a lesser degree than for mother to daughter. Before it is assumed that liability in these pairings is independent of parental modifications, we should emphasize that parental effects shown here may be underestimated. For HLA-DRB1 * 15, modification could takes place in mothers from previous generations and paternal haplotypes could bear marks introduced in paternal grandmothers two generations prior. Increased paternal transmission of HLA-DRB1 * 15 has to be seen in this light. Indeed, there is an increasing evidence for transgenerational epigenetic effects (44) . This can be readily resolved by determining the grandparent-of-origin for haplotypes present in affected individuals with the null hypothesis being they should equally derive from all four. Implications for the expectations of genome searches include taking into account the impact of common maternal origin and environment as in our studies on half-siblings (20) .
The general predilection for females in autoimmune diseases has provided a longstanding conundrum. Although there has been reason to suspect sex hormones will play a role in this bias (45) , the results here implicate epigenetic mechanisms in the MHC as central to these phenomena, again pointing to the importance of preventable environmental exposures in pathogenesis.
Evolutionary context for processes requiring selective and discrete distinctions among alleles based on parent-of-origin can only be tentative. We note the timing of tolerance establishment is coherent with the month-of-birth effect in MS (46), a phenomenon itself linked to the MHC (47) . These could plausibly be in the form of the methylation-dependent orchestration known to be central to tissue-specific expression (48) . A plausible theatre of operation would be at the maternal -foetal interface where developing mutual tolerance of maternal and paternal alleles is essential. Although these observations derive from MS, the significance of these observations may be broader in scope.
MATERIALS AND METHODS
Subjects
We selected a large family-based cohort consisting of 7796 individuals from 1797 MS families (affected individuals n ¼ 2954) as part of the ongoing Canadian Collaborative Project on the Genetic Susceptibility to MS (CCPGSMS), for which the methodology has been described previously (49) . All families were Canadian and of European descent.
HLA typing
Genotyping of HLA-DRB1 was performed using either a lowor high-resolution allele-specific polymerase chain reaction (PCR) amplification method (15) . Low-resolution HLA-DRB1 genotypes were obtained by a combination of 24 PCRs, and high-resolution HLA-DRB1 genotypes were obtained with an additional 48 PCRs. In each individual reaction, positive control primers were designed to amplify a second non-polymorphic genomic control segment. Amplified products were separated by electrophoresis in 2% agarose gels containing ethidium bromide after the addition of loading buffer, and visualized them using ultraviolet (UV) illumination.
Statistical methods
The family pedigree files were first tested using the PED-CHECK program for the presence of inconsistencies in Mendelian transmission (50) .
For the TDT analysis, TDTPHASE program of the UNPHASED software package was used, which performs parent/offspring gender-specific transmission testing (51) . For the TDT analysis and group comparisons, x 2 test was used to assess significance, including their corresponding P-values, and Fisher's exact test was used when the expected transmissions in any of the cells of the table were below 10. Odds ratios and 95% confidence intervals were calculated and are presented in all tables of results. Families had been selected for those with parents typed but in a minority, parents who were not genotyped were reconstructed whenever possible from unaffected siblings only. In cases when one parent was unknown, only those instances where both the genotyped parent and the affected offspring were heterozygous for different alleles were the transmissions counted in order to avoid directional bias. Since this study expand on already established HLA class II allelic associations, which included HLA-DRB1 * 01, * 04, * 08, * 10, * 11, * 13, * 14, * 15 and * 17, correction for multiple testing was therefore not necessary. Nevertheless, the highly stringent Bonferroni correction was applied to address the number of statistical comparisons made, and corrected P-values in results are presented as P corrected .
Conditional logistic regression procedure incorporated into STATA 8.2 was used, which generates the case and three pseudo-controls derived from the untransmitted parental alleles for family-based association analysis (52) . TDT at the genotype level for HLA-DRB1 was performed in the total dataset with parent-of-origin and also stratification by affected offspring gender (53) . The program carried out an analysis of the case-parent trios, which compared each case (an affected offspring) with a set of three pseudo-controls comprising the other three possible genotypes for the offspring of these parents. A conditional logistic regression is carried out to estimate GRR of each genotype, and the pooled rare genotypes were used as reference. Insufficiently frequent genotypes were not included in the table of results. Parental origin of alleles was preserved in the offspring genotype, which were coded as maternal/paternal. 95% CIs were calculated and are presented in the table of results.
